In this research, simulations of liquid jet impingement with different body forces are presented. These simulations were performed with the aid of a commercial multiphysics code called CFD-ACE+. The fluid properties of the industrial coolant HFE 7000 were used for the simulations. The computational matrix included eight different simulations. In all cases vertical liquid jet (modeled as two dimensional and axi-symmetric) impinged normal to a heated plate. All these cases were non isothermal with no boiling. The gravity was varied from 0 to 1.5 g in increments of 0.5 g. In four of these cases a low velocity (0.2263 m/s) was used and the uniform body force directed towards the heater surface was varied in the increments of 0.5 g, from 0 to 1.5 g. Similarly, four cases were simulated in which the velocity was higher, (0.5 m/s).
I.Introduction
Industrial applications use various methods to cool heated surfaces. These methods may include liquid jet impingement or spray impingement. For example, in the electronics industry liquid jet impingement is used for cooling of electronic components. Other applications of liquid jet impingement include annealing of metals and tempering of glass. As these industries advance they will need more efficient mechanisms to transfer heat from heated components to a moving liquid.
Liquid jet impingement is used in two different modes: the submerged jet and the free jet. In the submerged case, the jet impinges on a surface submerged in a pool of the same fluid. In the free jet case liquid is discharged in a gas environment (usually air). When a free liquid jet whose axis is parallel to gravity strikes a flat surface, it spreads radially and forms a radial wall jet in a thin liquid film. This film is primarily responsible for the high convective heat transfer from the plate to the flowing liquid. If the surface is large enough, a circular hydraulic jump may occur at large distances from the impingement point.
Previous studies of the submerged jet impingement are more common than those done on free liquid jet impingement. In the case of free liquid jet impingement there are two common geometries, the jet American Institute of Aeronautics and Astronautics of circular cross section and the planar jet. In the present research only axi-symmetric free jets directed normal to a plane surface have been studied.
Most previous studies of liquid jet impingement have been conducted under normal terrestrial gravitational conditions. There has been little study done on liquid jet impingement under non terrestrial gravitational conditions. These non terrestrial conditions could mean either a zero body force or non zero gravitational body force that differs from Earth gravity.
Body forces such as gravity or other body forces like the electric Kelvin force could significantly affect the heat transfer and flow distribution from an impinging jet. In this research simulation results of eight cases involving liquid jet impingement with different body forces are presented. These simulations were performed with the aid of a commercial multiphysics code called CFD-ACE+. The fluid properties of the industrial coolant HFE 7000 were used for the simulations. The gravity was varied from 0 to 1.5 g in the increments of 0.5 g. All the cases were modeled as two dimensional and axi-symmetric. Ma, Gan, Tian, and Lie(1993) mentioned in their paper (which included a summary of important studies in the area of impingement heat transfer) that there are four primary regions of interest after a free liquid jet impinges normally on a surface. Ma et al. give correlations for the Nusselt number (Nu, which is the non-dimensional heat flux at the wall) in terms of Prandtl number (Pr) and the Reynolds number (Re) which are different for all four regimes. Barsanti, Faggiani, and Grassi (1989) performed studies on single phase convective heat transfer from a heated plate to an impinging liquid jet with round tubes of different diameters as nozzles. Their correlation for Nusselt number based on Prandtl number and Reynolds number fit their experimental results within +/-15%. Womac, Aharoni, Ramdhyani, and Incropera (1990) also performed experiments on single phase liquid jet impingement cooling of heated surfaces using both free and submerged jets. Womac et al. used water and the industrial coolant FC-72 in their experiments. The Reynolds number in their experiments ranged from 200 to 50 000. As expected, Womac et al. found that the heat transfer coefficient was strongly dependent on the impingement velocity. They found that for low velocity flows gravity can significantly enhance the heat transfer from liquid jet impingement.
II. Previous Work

III. Code Validation
The HEAT module in the CFD-ACE+ code used in the simulations for this research was validated by using the experiments of Liu and Leinhard (1989) who investigated convective heat transfer to an impinging liquid jet. Their experiments involved a circular free jet hitting a heated surface kept at uniform heat flux. Water under atmospheric conditions (temperature of 288 K) was used as the test fluid. The water jet was ejected from an orifice facing downward towards the heated plate. The heated surface was a 0.1 mm thick stainless steel sheet. The dimensions of the rectangular plate were 7.8 cm by 15.2 cm. The local Nusselt number was calculated as
where ' Q' is the heat flux, r is the radius of the jet, k is the thermal conductivity of the fluid, T w is the temperature of the wall, and T f is the bulk liquid temperature. Liu and Lienhard varied the heat flux and jet diameter to obtain different sets of data. The computational model was a two dimensional axi-symmetric case where the smaller dimension of the rectangular plate was used as the diameter (7.8 cm). The axis of the jet was the axis of symmetry. The domain used for the simulation is shown in Figure 1 . The heat flux from the experiments was specified as 12 378 W/m 2 . A unique modeling technique was used to accelerate the solution to a steady state since the conventional method was excessively time consuming. First a fine grid was implemented near the heated plate and a coarse grid everywhere else. This grid system consisted of 2 580 cells. The coarse grid system used as part of the initial solution is shown in Figure 2 . A steady state solution for flow and temperature was obtained for this grid.
. American Institute of Aeronautics and Astronautics The grid with 2580 cells was used to obtain the steady temperature distribution. A second grid with 33 048 cells was used to obtain only the steady state flow distribution. In this case the HEAT module of CFD-ACE+ was not activated and thus a steady state flow solution was obtained more quickly than obtained with the heat transfer module on. The temperature distribution from the coarse grid steady state solution and the flow distribution from the fine grid steady state solution were mapped onto a single fine grid file to obtain an initial configuration for the final calculation. The total number of cells in this file was also 33 048, which was more than 12 times the number of cells in the grid system from which the temperature distribution was obtained. However, the grid on which flow was initialized also had 33 048 cells. The fine grid system used for the final solution of the flow and temperature fields is shown in Figure  3 . The computed results and the experimental data are compared in Figure 4 . The percentage discrepancy between these data sets is shown in Table 1 . The error at r/d = 3.3 is 13.6%, slightly above than the reported experimental uncertainty of 13%. At the larger radi, the discrepancy is well within the experimental error. Outside the jet radius the heat transfer solution matched well for the fine grid (33 048) and coarse grids (2580 cells). However, there was a significant difference within the jet radius between the coarse and the fine grid. This is most likely due to the thinness of the thermal boundary layer for r/d<1. If the grid had been refined in this region, the discrepancy would probably have been reduced. There was a good agreement between the simulations and the experiments of Liu and Lienhard and therefore, it was concluded that the CFD-ACE+ code could be used to model jet impingement flows with heat transfer.
Axis of symmetry
IV. Heat Transfer With Varying Gravity: Test Matrix
The test matrix for the cases involving heat transfer includes eight different simulations as shown in Table 2 . In four of these cases a low velocity 0.2263 m/s was used and the uniform body force was varied in the increments of 0.5 g, from 0 to 1.5 g. Similarly, four cases were simulated in which the velocity was higher, 0.5 m/s. The two different velocities were selected so as to find out how heat transfer is affected as the velocity of the liquid jet varies. All the cases were modeled as two dimensional axisymmetric flows using CFD-ACE+. The domain in this case was 1.3 cm x 0.8 cm. The jet diameter was equal to 4 mm. The larger length was the axial direction which was also the direction of the jet and gravity. This model is shown in Figure 5 . The liquid used was HFE 7000. The domain included the heated plate whose thickness was 0.1 mm. The properties of stainless steel were assigned to it. American Institute of Aeronautics and Astronautics The inlet boundary condition was a fixed uniform velocity U e as specified in Table 2 . The cylindrical boundary where the liquid was flowing out of the domain was specified to be a zero pressure gradient boundary. The contact angle of the liquid on the solid wall was specified to be fully wetting or 0 o . All other boundaries were specified to have a constant atmospheric pressure. The heat flux used in all the cases was equal to 1000 W/m 2 . The grid was refined in the layer adjacent to the heated plate. This grid had a total of 1410 cells. The steady state conditions were reached when it was found that the temperature stopped varying with time after running for several seconds. This physical time varied for different simulations from 2 to 8 seconds. The grid was then refined to 2760 cells to check for grid independence. This did not have any significant effect on the final steady state temperature distribution.
The Stokes number listed in Table 2 is a measure of the ratio of viscous to gravitational forces and is defined by 
V. Results and Discussion
The computed free surface of the liquid jets changed its shape as the gravity was varied in each case (Cases 1-4), shown in Figure 6 for the lower velocity regime. The zero gravity case does not show any radial contraction at all, whereas the case with 1.5 g shows the highest contraction. The Earth's gravity also causes the fluid to accelerate and contract to conserve mass before hitting the heated plate. Figure 7 shows the free surface plots of the high velocity regime cases (Cases 5-8) with varying gravity. Note that the contraction of the liquid jet when subjected to higher body forces is smaller relative to the cases simulated in the low velocity flow regime ( Figure 6 ). This is because the initial velocity in the low velocity regime is so low that the applied body force accelerates the liquid jet significantly when compared to its initial velocity. American Institute of Aeronautics and Astronautics The computed Nusselt number plotted versus the radius is shown in Figure 8 for the low velocity regime cases. When gravity is increased in the direction of the flow, the flow accelerates. When gravity is increased then the flow accelerates more than before. This higher acceleration translates into higher velocity at impact. Thus every time gravity is increased in the direction of the impinging liquid jet, the heat transfer increases. This trend can be seen in Figure 8 . The curves appear to shift vertically as the gravity is increased with a "parallel" shift outside the stagnation zone whereas in the stagnation zone the curve shape changes along with this shift of Nusselt number. Figure 9 shows the trend of the local Nusselt numbers as a function of radius for the high velocity regime cases. The 1.5 g curve is similar in shape to the curve corresponding to low velocity 1.5 g case in Figure 8 . However, the curve corresponding to 0 g case here is significantly higher than that corresponding to low velocity 0 g case in Figure 8 . As the gravitational body force is increased to 0.5 g the heat transfer is enhanced relative to the 0 g cases. Further increases in the body force cause further increases in Nusselt numbers as evident from the curves representing 1.5 g and 1 g cases. This increase is about 9.3 % in the average Nusselt number from 0 to 0.5 g, 6.6 % from 0.5 to 1 g and 4.9 % from 1 g to 1.5 g. The corresponding increases for the low velocity regime cases were 26 %, 13 % and 8 % respectively. The increase in heat transfer from low velocity 0 g (Case H1) to low velocity 0.5 g (Case H2) is higher than the corresponding increase from high velocity 0 g (Case H5) to high velocity 0.5 g (Case H6) because of the smaller initial velocity in the low velocity case. This low initial velocity is increased to a higher extent under the influence of gravity when compared to a corresponding case with higher initial velocity. Figure 10 shows the percentage increase in local Nusselt number when the body forces are varied for the low velocity regime cases. This figure shows the increase in Nusselt numbers from, 0 to 0.5 g, 0.5 g to 1 g and 1 g to 1.5 g. This trend shows there is a non linear increase in the heat transfer with magnitude of the gravitational body force. The highest percentage change in Nusselt number occurs when the gravity is varied from 0 to 0.5 g. whereas this change becomes less and less as the gravity is increased in equal increments. Figure 11 shows the percentage increase in Nusselt numbers from one body force magnitude to another for the high velocity regime. It can be inferred from the figure that the maximum increase in heat transfer occurs when the body force is increased from 0 to 0.5 g. The average Nusselt number Nu was found using the local temperature averaged over the area,
The average Nusselt number as a function of the reciprocal of the Stokes number is shown in Figure 12 for the Cases H1-H8. Upon fitting a curve to this data the following equation was obtained for the low velocity regime cases __ Nu = -10 -8 St -2 + 0.0009St -1 +34.818 and R 2 = 0.9994 (1) where St is the Stokes number and R 2 is the square of the correlation coefficient
The average Nusselt number trend with varying body forces for high velocity regime is also shown in Figure 12 . This indicates that the Nusselt number is higher if the initial velocity is higher in the absence of gravity and Nusselt number increases with the reciprocal of the Stokes number for both velocity regimes. Upon fitting a curve to this data the following equation is obtained for the high velocity regime cases The Table 3 shows the comparison between the average Nusselt numbers computed from Womac et al. correlation and from the heat transfer results from the current low velocity simulations. The percentage discrepancy is between 1.2 and 9 for all the four cases simulated in low velocity regime. The maximum discrepancy of 9 percent occurs for Case 1 which is the zero gravity case. Table 3 also compares the Nusselt number obtained from the simulations with the Nusselt number correlations given by Womac et al. (1993) for the high velocity cases H5 to H8. The percentage discrepancy for these four cases is within 7 % of the Nusselt number obtained from the correlations of Womac et al. (1993) .
VI. Conclusions
Two dimensional axi-symmetric simulations of a liquid jet impinging vertically downwards were performed with varying body forces for both the low velocity and the higher velocity regimes. The heat transfer increase with gravity decreases as the nozzle exit velocity is increased. The heat transfer was influenced due to the varying gravity levels more in the low velocity cases than in the high velocity cases. This was because the initial velocity in the low velocity cases was more significantly increased just before it hit the plate. This is apparent from Table 2 which shows the impingement velocity just before the jet hits the plate. The increase in velocity for the low velocity case was 144 % for 1 g whereas in the case of high velocity regime it was only 42 %. The heat transfer increased as g was increased. As the gravitational body force was increased to 0.5 g the heat transfer was enhanced. Further increase in the body force caused further increase in Nusselt number. This increase was about 9.3 % in the average Nusselt number from 0 to 0.5 g, 6.6 % from 0.5 to 1 g and 4.9 % from 1 g to 1.5 g for the high velocity regime cases. The corresponding increases for the low velocity regime cases were 26%, 13% and 8 % respectively.
The trend of the heat transfer was nonlinear for both the regimes. Based on the trend of heat transfer from the low velocity cases to the higher velocity cases it can be said that once the velocity is increased from the current level in the higher velocity case, the heat transfer would be less and less affected with the change in body forces. The heat transfer trend in both the high velocity and the low velocity cases also suggests that the Nusselt number variation with gravity does not only depend on Reynolds number based on jet exit velocity but also on the Stokes number.
